Chemotaxis between gametes particularly of the Fucaceae is discussed and techniques for its detection described. . Cell-free preparations of Fucus serratus and F. vesiculosus eggs have been obtained which exert a chemotactic attraction on the sperms of F. serratus, F. vesiculosus and F. spiralis, the same chemotactic mechanism among these closely related species being indicated.
I n t r o d u c t i o n
The mechanism of sexual reproduction among dioecious organisms has been closely studied biologically and occasionally chemically. A notable contribution from the latter aspect was the recognition of the pigment echinochrome, or a t least a near derivative of it, as a factor secreted by the ova of as an attractive agent for the spermatozoids to ensure fertilization (Kuhn & Wallenfels 1939)-If should be added th a t echinochrome is only one of several related pigments (Mayer & Cook 1943) to have been isolated from such organisms, and th a t the exact function and even the effectiveness of echinochrome appears to require confirmation (Tyler 1939) . Perhaps the most impressive if provocative observations in this field concern the production of crocin and cis-and crocetin dimethyl ester by the gametes of isogamous and anisogamous Chlamydomonas species, and the seemingly far-reaching effects of these chemicals on the motility and fertilization of the gametes as well as on their male and female character (Cook 1945)- These observations lent much interest to studies on the pigmentation, particularly of the gametes, of the Fucales (Heilbron 1942). I t was found th a t the male gametes of several of the brown algae including Ascophyllum Fucus serratus and F. vesiculosus were pigmented almost entirely by ^-carotene, whereas th a t material was lacking in the corresponding female exudates which were coloured mainly by fucoxanthin. On the other hand, the mucilaginous gamete exudates from the hermaphroditic F. spiralis contained both /^-carotene and fucoxanthin which most probably had been produced by spermatozoids and ova respectively. In seeking a functional explanation of the differing pigmentation it was attractive to assume th a t as with Chlamydomonas eugametos noted above the Fucaceae pigments were related to the specific reproductive functions of the responsible gametes. However, so little was known unequivocably about chemical control of reproductive processes in the Fucaceae that it was impossible to enlarge this hypothesis immediately, and a return was made therefore to a study of the broader aspects of these phenomena.
M e t h o d s
(а) Freshly gathered whole plants of Fucus serratus, F. vesiculosus, F. spiralis, and Ascophyllum nodosum were kept satisfactorily in bulk at 0 to 2° C for periods of up to 1 week, and likewise the severed fruiting tips could be stored with only gradual deterioration except for those of the last-mentioned species, which rapidly fell to a slimy mass. Gamete suspensions were prepared as required merely by steeping the ripe tips in sea water (also preserved by storing at 0° C). By cooling the suspensions of male gametes (from the dioecious members) in ice, the sperms were maintained active for 2 to 3 hr. after their liberation from the antheridia.
(б) Drops of the appropriate male and female gamete suspensions were mixed on slides {Fucus spiralis, of course, gives a mixed suspension directly) and the fertili zation process observed microscopically. Ripe eggs of these Fucaceae exerted a strong attraction on sperms which passed within a distance of 1 to 2 egg diameters (c. 0-1 to 0-2 mm.), thus rapidly collecting about themselves clouds of moving sperms. As a result, these eggs became covered with sperms and were rotated. On fertilization of an egg the action ceased, and closely passing sperms no longer deviated towards it or became attached as a result of chance collisions.
(c) After attempts to separate, by means of appropriately narrow strips of filterpaper or by a streak of agar-gel, male and female gamete suspensions placed adjacent to one another upon a slide, the following reliable arrangement was devised. On one side of a microscope slide Apiezon grease was spread thinly, so as to leave uncovered a rectangular portion (c. 1*2 x 3*0 cm.) of the glass in the central region. A thin cellophane sheet of dimensions approximating to those of the slide, and which had been creased in half transversely, was pressed on to the greased slide to cover half the area from one end. The crease in the cellophane then lay across the middle of the slide, bisecting the ungreased rectangle. The marginal area of the cellophane was greased, a drop of freshly prepared egg suspension was placed upon the portion of the cellophane affixed to the slide, and the other half of the sheet was folded over about the crease, the greased edges being prfessfed together. Thus in effect was a thin layer of egg suspension enclosed in a cellophane envelope mounted horizontally upon a slide. Next, upon the uncovered half of the ungreased portion of the glass, a drop of sperm suspension was placed so as to touch the folded end of the cellophane, and the preparation completed with a cover-slip. In further experiments the positions of egg and sperm suspensions were reversed.
I t was observed, under the microscope, in the case of F. serratus and F. vesiculosus, that ripe eggs immediately adjacent to the cellophane partition exerted an attraction on sperms on the other side, since clusters of moving sperms formed (after 5 to 10 min.) at positions along the boundary surface nearest to ripe eggs.
(d) One end of a capillary (c. 0*1 x 10 mm.) was inserted into a sperm suspension. The filled capillary was then dropped horizontally into a pool of egg suspension on a slide, this manner of introduction being adopted in order to prevent capillary flow, either into or out of the tube. Although the eggs were ripe (they responded properly in test (6)), no mass movement of sperms took place outwards from the capillary orifices into the egg suspension, and similarly, with positions reversed, there was no general movement of sperms into such a capillary containing ripe eggs. These results can be attributed to the almost complete absence of diffusion a t the capillary ends, as was confirmed with coloured solutions.
(e) A short capillary tube, one end of which had been drawn out to finer dimensions, was filled with egg extract and mounted horizontally on a slide, with the aid of Apiezon grease, so th a t the narrow jet was just inserted into a drop of sperm suspension. Slow diffusion of the egg liquor into the sperm suspension took place, shown by the movement of the meniscus in the wider end of the capillary. Sperms were not attracted by the diffusate; rather were they adversely affected by it, becoming immobilized.
(/) Female fruiting tips of F. vesiculosus, dried in the air for 24 hr., were immersed in sea water, whereupon the liquid became mucilaginous. Equal drops of this solution and fresh sperm suspension were placed adjacent to one another on a slide and then allowed to coalesce. By observing the area of junction, it was readily apparent th a t the mucilaginous solution had a strong immobilizing action on the sperms, those swimming into the solution being brought abruptly to rest.
(g) Fresh ripe tips cut from female plants of F. vesiculosus or F. serratus were shaken with sea water (100 c.c./lOO g. of moist tips) for 10 min. in order to dislodge sexual products from the conceptacles and aid disruption of the oogonial packets and liberation of eggs. The mixture was poured into a glass funnel and the issuing suspension, free from tips, stood for 3 min. The majority of the eggs had then settled and the still-turbid supernatant liquid was decanted, debris thus being removed. After the eggs from 100 g. of tips had been washed by decantation with fresh sea water they were transferred to stock bottles with buffered sea water (100 c.c.). The latter was prepared by mixing sea water (9-5 parts) with a solution (5 parts) made by adding 0-1 M-citric acid (12-2 g./l.) to 0-2 M-disodium hydrogen phosphate (28-4 g./l.) to pH 8-2. The buffering was necessary to prevent the egg suspensions becoming acid and lethal to sperms. The buffered suspensions were kept a t room temperature for 24 hr. and then a t 0° C. As required, the supernatant liquid was filtered through a fluted paper, and when tested against the sperms by the adjacent drop method (see (/)) chemotaxis was exhibited, the sperms rapidly collecting as a clump along the line of junction of the drops.
( h)A better method of demonstrating chemotaxis consisted essentially in introducing a minute volume of the solution into the centre of a large drop of sperm suspension spread upon a microscope slide. The apparatus consisted of a bent melting-point tube with one end drawn out to a capillary (c. O'3 mm. diam.), and mounted as shown in figure 1, held in a natrow vertical slit cut in the edge of a small cork disk.
The tube was filled or emptied with the aid of a rubber micro-teat placed on the wider end. A solution to be tested was drawn up the tube to a few mm. above the normal capillary rise. The rubber teat was removed and the tip inserted (as shown) into the sperm suspension. Slight flow then occurred from the orifice into the surrounding sperm suspension, and chemotactic or other manifestations were readily discernible by observation through the microscope. Chemotaxis, as shown by egg filtrates, was indicated by the formation during 5 to 10 min. of a thick cluster of sperms, individual gametes moving rapidly back and forth within a small area surrounding the capillary orifice (figure 2).
The capillary device itself, filled with plain or buffered sea water, had no more than a transient effect upon the sperms. During the short time sea water diffused from the capillary orifice, most sperms were unable to approach against the current. After a few minutes, however, there was no detectable population difference between this area and areas of the sperm suspension more remote from the capillary. Sperms did not tend to collect in the orifice. ( i) A small all-glass bubbler (20 c.c. capacity) containing active egg filtrate (10 c.c.) was aspirated with hydrogen or nitrogen for 3 to 6 min. at the rate of c. 2 bubbles/sec. A filtrate which was active up to a limiting dilution of 1:4, when tested by method (h), required a full 6 min. aspiration (at the above rate) for complete loss of activity. Prolonged aspiration was avoided. The bubbler was connected by a short length of glass tubing to a small trap (1*3 x 14 cm.) of the usual pattern, immersed in liquid nitrogen. To aid retention of the active principle it was found necessary to freeze sea water (2 ml.) in a thin film round the sides of the trap.
A similar trap cooled with solid carbon dioxide in ethanol was also satisfactory and possessed an advantage in not condensing as liquid the air which had originally been dissolved in the aspirated sea water. The contents of the trap were tested by method (h) after thawing had been allowed to occur.
(j) Solutions of certain plant hormones when tested by method (h) against sperms of Ascophyllum nodosum gave., above certain levels of concentration, a halo of clustered immobilized sperms surrounding the area of diffusion from the capillary orifice. Limiting dilutions for this effect were determined. The solutions were prepared by dissolving weighed amounts of the dry sodium salts in measured volumes of sea water, no adjustment of the pH (c. 8) being necessary.
g chemotactic phenomena in the Fucaceae 297 Ch e m o t a x is i n t h e F u c a c e a e
I t is clear th a t in view of the prevalent dioecism among these algae and their habitat in moving water, there is likely to be a natural mechanism of attraction rather than mere random coupling of the gametes. The absence of such attraction would imply natural hybridization for which the evidence is inadequate, though laboratory experiments have demonstrated the possibility (Fritsch 1945) . Chemo taxis has often been considered, though almost all experiments to demonstrate such an influence have been inconclusive. In one instance, however (Kotte 1923), a chemotactic effect was demonstrated between motile sperms of serratus and cell-free mucilage obtained from eggs of the same species. The sperms were more active in presence of the egg preparations and thus seemed to be affected both chemotactically and chemokinetically. Earlier experiments had failed, it seemed, for reasons of technique, and it was concluded th a t the active factor might well be only slightly diffusible though it appeared to be not excessively stable to heat. Other tactic effects were discerned which, however, probably have little bearing on the present work.
I t was obviously desirable in the first place to confirm and extend these observations, working if possible with substantially non-mucilaginous extracts of Fucus eggs. Several findings, however, soon showed the reality of a chemotactic factor which, unlike th at postulated by K otte (1923), was easily diffusible. In all these experiments, which were carried out entirely in sea water, the suspensions of motile sperms of F. serratus (and other species in later experiments) were obtained by immersing the ripe male frond tips in sea water. Not infrequently the sperms proved non-motile and their subsequent behaviour varied considerably and mostly unpredictably, though it was doubtless dependent on the precise state of the fruiting plant. Thus sometimes they gained motility on mild irradiation before a small electric lamp, while on other occasions they remained motionless; partial desiccation of the tips in air followed by moistening with sea water was with some batches sufficient to induce motility, whereas with others sperms were liberated from the conceptacles in intact packets which failed to rupture. I t was noticed th a t in the latter circumstances the sperm pigmentation seemed a light lemonyellow colour compared with the full orange of the actively motile cells though the absolute difference has not been elucidated.
The not inconveniently mucilaginous suspensions of eggs obtained by simple immersion of the female tips in sea water were shown to attract suitably motile sperms by virtue of a substance which diffused through a cellophane sac; sperms thus clustered on one side of the cellophane interface at those points opposite to eggs on the other side of the interface (see Methods).
The above observations were confirmed using vesiculosus sperms and eggs, though some complicating factors had to be taken into account. Thus whereas the normal pH of sea water and fresh gamete suspensions was pH 8 to 9, heavy egg suspensions soon acquired a slightly acid reaction (pH 6-8) and a lethal effect on the sperms. The latter effect was lost on adjusting to pH 9, though it was possibly not due entirely to hydrogen ions as the sperms were still able to survive for short periods in sea water which had been acidified to pH 5*6. Again, when other techniques dispensing with a cellophane sac were used and excessive mucilage was not avoided, motility was impeded and observations became erratic. In some instances this hindrance could scarcely have been only mechanical, as some very viscous liquids at pH 7 to 8, obtained by centrifuging heavy egg suspensions or non fruiting parts of the fronds, caused immediate immotilization of sperms, the effect persisting when the solutions had lost their viscous nature to a large extent by deliberate dilution.
Attempts to obtain cell-free extracts having a chemotactic property by grinding egg suspensions with sand were unsuccessful, but centrifugates of suspensions of F. vesiculosus eggs which had stood in sea water for 24 hr. at 0° C were shown by means of a capillary device (see Methods) to attract the sperms of the same species so strongly as to lead to an easily visible yellow cluster round the capillary jet. The effect was often apparent even after four-fold dilution of the centrifugates. Under the influence of such extracts the movement of individual sperms was pro longed though restricted to the small area surrounding the capillary opening. Nonmotile immature sperms were not activated by these solutions, which appeared indeed to have a distinctly immotilizing effect on actively moving cells introduced directly into them, rather than subjected to the action of a concentration gradient. In the capillary test the sperms only collected in the zone of diffusion and, unless the experiments were very prolonged, did not enter the jet. In short the sperms seemed susceptible with respect to chemotaxis only to a concentration gradient of the active factor (Hoyt 1910).The activity of the solutions was fairly persistent, a sample retaining its effectiveness after at least 10 days at 0° C. On the other hand, the activity was apparently lost by boiling, or by evaporating the solution in vacuo even lyophilically.
The extracts of F. serratus eggs attracted the sperms not only of the same species but also of F. vesiculosus and F. spiralis. Moreover, exactly similar experiments were carried out with F. vesiculosus eggs which also afforded a cell-free filtrate having a chemotactic attraction for F. serratus and F. spiralis sperms as well as for those of the species of its origin. The absence of specificity suggests that at least closely related members of the Fucales produce the same chemotactic principle, and the absence of hybridization in nature only emphasizes the importance of other factors in fertilization.
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Many of these attem pts, for example, to extract the principle of either F. serratus or F. vesiculosus preparations by means of solvents, were rendered abortive by the apparent destruction of the active principle on evaporation of its solutions; in addition attem pts to extract the factor, e.g. by means of chloroform a t pH 8, led to loss of activity of the sea water solutions but not to any transference of the activity to fresh w ater by washing the chloroform 'extracts'.
I t seemed th a t the apparent extreme sensitivity might be due to oxidation, particularly as the activity could be destroyed by sodium periodate solution and apparently by aspirated air. However, all attem pts to reactivate solutions, e.g. by hydrogen in presence of reducing catalysts, or ascorbic acid, were without useful result. Incidentally the range of reducing agents was rather limited for even 0*002% quinol, for example, had a pronounced lethal effect on the sperms.
The problem assumed a quite different aspect when it was shown th a t even passage of a moderate stream of hydrogen through an active solution for 2 to 3 min. caused loss of activity. I t seemed, therefore, th a t the active factor was probably a volatile compound having little affinity for water and probably of gaseous nature, though because of ignorance of the quantities involved definite conclusions on the last feature were impossible. By inserting a trap containing a small quantity of frozen sea water cooled in liquid air in the aspirating train, the activity was recovered apparently in undiminished quantity in the condensate. So far therefore from being complex, the active factor m ust be a quite simple compound, perhaps even inorganic in nature.
A considerable number of simple compounds such as hydrogen sulphide, dimethylsulphide, sulphur dioxide, carbon monoxide and dioxide, ammonia, methylamine, formaldehyde, oxygen, ozone, simple olefines and nitrogen oxides were tested empirically over a wide range of dilutions. Only in one isolated case, however, with aqueous solutions of nitrous oxide a t a limiting dilution of about 1:20,000,000, was any positive effect observed. On this occasion only sperms of F. spiralis which were in an obviously enfeebled condition were available and as the experiment was not reproducible it is of questionable significance.
T h e e f f e c t o f a r y l a c e t i c a c i d s o n Fucus s p e r m s
The possibility was considered a t an early stage in the above work of the chemotactic action being related to an unidentified growth hormone present in F. vesiculosus eggs (du Buy & Olsen 1937). I t is now clear th a t the physical nature of the chemotactic factor precludes this possibility, bu t in examining some compounds known to have activity as plant hormones it was found th a t crystals, of dimensions approximating to those of Fucus eggs, of y?-indolylacetic or anaphthylacetic acid had a surprising effect on the sperms of Fucus species. When placed in sperm suspensions the crystals quickly collected dense clusters of sperms by virtue of an immotilizing action. The action is thus quite different from the ehemotaxis examined above, which is a result of control on the direction, rather than on the degree, of movement of the sperms. On removing the crystals, motility was regained and the sperm cloud largely dispersed. The effect was not due merely to acidity for benzoic, phenylacetic, hippuric and phenaceturic acids were ineffec tive, the first two being highly lethal to the sperms. Moreover, neutral solutions of the sodium salts of a-naphthyl-and /?-indolyl-acetic acids in sea water had the same cluster-forming effect as the free acids, By means of the capillary device (see Methods) the ' chemotaxis5 which resulted in a halo of sperms in the neighbourhood of the capillary tip could be assayed semi-quantitatively; limiting dilutions using F. vesiculosus sperms were 0-3 and 0*02% for the two acids respectively. It is a remarkable circumstance that 0*01 to 0-1 % solutions of potassium /?-indolylacetate had been apparently incidentally observed as long ago as 1884 to have an inhibiting action on sperms of F. serratus (Pfeifer 1881-5) .
The effect of a number of other arylacetic acids including some potent plant hormones and weed-killers were tested by the capillary technique using sperms of Ascophyllum nodosum which is closely related to Fucaceae already discussed. Several of these hormones had also a sperm-collecting action, the limiting dilutions being shown below:
, . * • No connexion between plant hormone or herbicide activity on the one hand and sperm inactivating effect on the other could be traced.
